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Palatal explantsal edge epithelial (MEE) cells of the palatal shelf. Conditionally rescued Runx1−/−
mice showed limited clefting in the anterior junction between the primary and the secondary palatal shelves,
but not in the junction between the secondary palates. In wild type mice, the fusing epithelial surface
exhibited a rounded cobblestone-like appearance, while such cellular prominence was less evident in the
Runx1 mutants. We also found that Fgf18 was expressed in the mesenchyme underlying the MEE and that
locally applied FGF18 induced ectopic Runx1 expression in the epithelium of the palatal explants, indicating
that Runx1 was induced by mesenchymal Fgf18 signaling. On the other hand, unpaired palatal explant
cultures revealed the presence of anterior–posterior (A–P) differences in the MEE fates and fusion
mechanism. Interestingly, the location of anterior clefting in Runx1 mutants corresponded to the region with
different MEE behavior. These data showed a novel function of Runx1 in morphological changes in the MEE
cells in palatal fusion, which is, at least in part, regulated by the mesenchymal Fgf signaling via an epithelial–
mesenchymal interaction.
© 2008 Elsevier Inc. All rights reserved.IntroductionCleft palate is the most frequent congenital orofacial abnormality.
In mammals, the palate is an anatomical structure that forms a barrier
between the oral and nasal cavities, which allows breathing and
feeding to continue at the same time. The palate is derived from two
structures; an anterior portion, the primary palate, and a posterior
portion, the secondary palate. The secondary palate also borders the
nasal septum superiorly (Ferguson, 1988). The primary palate and the
nasal septum are derived from the posterior protrusion of the fronto-roblast growth factor receptor;
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l rights reserved.nasal process, whereas the secondary palate develops from bilateral
outgrowths of the maxillary process (Kaufman, 1992). Palatogenesis
consists of multiple steps that require a series of changes in tissue
morphology and cell differentiation (Ferguson, 1988; Rice, 2005).
These steps begin with the enlargement of the palatal shelves and
bilateral outgrowth beside the tongue, then the palatal processes
elevate and grow towards the midline. Thereafter, the bilateral palatal
processes fuse with each other in the midline and also with the
inferior margin of the nasal septum (Ferguson, 1988). In the anterior
region, the anteromedial borders of the palatal shelves fuse with the
primary palate. Following contact, the medial edge epithelial sheets
merge to form the medial edge epithelium (MEE) seam that will soon
undergo degeneration and disappear (Ferguson, 1988). Disruption at
any step of the process results in the formation of a cleft palate.
The epithelial–mesenchymal interactions during development are
essential for the induction of many organs. Early palatal develop-
ment is one such example, and a recent study has shown that the
Fig. 1. Phenotype of E17.5 Runx1+/+/∷Tg control mice (A, C, E), and Runx1−/−/∷Tg mice
(B, D, F). Runx1−/−/∷Tgmice exhibited partial anterior clefting at the ﬁrst rugae area and
between the primary and the secondary palates (B, D, F), while, control mice showed
complete fusion of the palate without any gap between the primary and the secondary
palates except at the palatine foramen (A, C, E). (C and D) A higher magniﬁcation of the
anterior palate (inset in panels A, B). The arrowheads indicate the cleft. pr, primary
palate; se, secondary palate; 1st, 1st rugae; 2nd, 2nd rugae; pf, palatine foramen.
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epithelium, and thus instructs the growth and morphology of the
palate (Rice, 2005; Rice et al., 2004). In palatal fusion, early tissue
recombination experiments have revealed that the differentiation of
the fusing epithelium is also determined by the underlying mese-
nchyme (Ferguson et al., 1984). However, the nature of this signal
remains controversial.
Runx1 is a member of the Runx family genes which encode trans-
cription factors that play various important roles in embryogenesis
(Ito, 2008). Runx proteins share the 128 amino acid-region termed the
Runt domain (RD) required for DNA binding and heterodimerization
with Core binding factor beta (CBFβ). Studies of human genetic
diseases and an analysis of null allele mice have shown that Runx1 is
necessary for hematopoiesis from its deﬁnitive stage and it is also the
most common target of chromosomal translocations andmutations in
human leukemia (Okuda et al., 1996, Okada et al., 1998, Wang et al.,
1996; Look, 1997). Runx1 is also involved in the early stage of skele-
togenesis (Lian et al., 2003; Yamashiro et al., 2004; Smith et al., 2005)
and in the development of a nociceptive neuron subpopulation in the
dorsal root ganglion to regulate pain sensitivity (Chen et al., 2006). We
have previously found that Runx1 is speciﬁcally expressed in the tip of
the fusing palatal epithelium during palatogenesis (Yamashiro et al.,
2002; Aberg et al., 2004). This ﬁnding suggested the possible role of
Runx1 in the palatal developmental process. It is interesting to note
that patients with a cleft lip and palate also tend to develop acute
leukemia more frequently than normal individuals (Nishi et al., 2000;
Zhu et al., 2002). Another report has also shown that children with
leukemia are more likely to have cleft lip or cleft palate (Zack et al.,
1991). These reports support the possible roles of Runx1 in palatal
development, however, palatal development in Runx1-deﬁcient mice
has not been analyzed because Runx1−/− mice die prior to palatal
development at E12.5, due to hemorrhaging in the central nervous
system and a complete lack of any deﬁnitive hematopoietic cells. To
overcome the early embryonic lethality in Runx1−/− mice, we condi-
tionally rescued Runx1 expression under the control of the hemato-
poietic-speciﬁc promoter (Yokomizo et al., 2007). Because of the
selective rescue of Runx1, these mice are able to survive until the late
embryonic stages.
In the mammals, Fgf signaling regulates various functions during
the developmental process. Fgfs act as both epithelial and mesench-
ymal signals and regulate the epithelial–mesenchymal interactions in
the various stages of organogenesis. In early palatogenesis, mesench-
ymal Fgf10 signals stimulate the epithelium to proliferate via epithelial
Ffgr2b and to induce Shh, which signals back to the underlying
mesenchyme, thus indicating that Fgf10–Shh signaling regulates the
growth of the palatal process, and this signaling is involved in the
epithelial–mesenchymal interaction (Rice et al., 2004). Among the
several known members of FGFs, FGF3, FGF7, FGF10, FGF18 have been
shown to be associatedwith their SNPs and nonsyndromic cleft lip and
palate (Riley et al., 2007). In fact, Fgf18, Fgf10, and Fgfr2b null-mutant
mice present with cleft palate phenotypes resulting from under-
development of the palatal shelves (Liu et al., 2002; Rice et al., 2004;
Alappat et al., 2005). On the other hand, Runx2 null mutant mice lack
teeth and their tooth development is arrested in an early stage
(D'Souza et al.,1999). Runx2mediates the functions of Fgf signaling via
epithelial–mesenchymal interactions. Hair belongs to the group of
epidermal appendages, such as the tooth, and its development is also
closely regulated by epithelial–mesenchymal interactions. In hair
follicles, Runx1 is intensely expressed in the bulge at the telogen
stages, as well as in the inner epithelial sheath and its deﬁciency
resulted in zigzag hair (Raveh et al., 2006) and the inactivation of stem
cells (Osorio et al., 2008). Various Fgfs are expressed inhair follicles and
Fgf18 is speciﬁcally expressed in the bulging regions of the telogen hair
follicle (Kawano et al., 2005). Interestingly, the subcutaneous admin-
istration of FGH18 induced accelerated hair growth (Kawano et al.,
2005). From these ﬁndings in regard to hair and palatal development,we speculate that the Runx1 expression might therefore be regulated
by Fgfs, especially by Fgf18 via the epithelial–mesenchymal interaction
in palatal development.
In the present study, we investigated the functional roles of Runx1
in palatogenesis, and evaluated the upstream signals of Runx1
expression. The palatal analysis of conditionally rescued Runx1 null
mutant mice revealed that Runx1 is involved in the palatal fusion
between the primaryand the secondary palates.We also found that the
Runx1 expression in the palatal epithelium is regulated by mesench-
ymal Fgf signaling, thus indicating that palatal fusion is regulated by
epithelial–mesenchymal interactions via the Fgf–Runx1 pathway. In
addition, we explored the anterior–posterior (A–P) difference in mor-
phological changes associated with palatal fusion. Unpaired palatal
explants culture revealed the presence of anterior–posterior (A–P)
differences in the MEE fates and fusion mechanism. Furthermore, the
location of anterior clefting in Runx1 mutants corresponds to the
region with different MEE behavior.
Materials and methods
Animals
Wild typemouse fetuseswere obtained from the ICR strain. Runx1−/−
mice is lethal due to hemorrhage at about E12.5, when the palatal
Fig. 2. Histological analysis of palatal anomalies in Runx1−/−/∷Tg mice. Diagram (A) shows the section position for panels (B–O), as indicated by lines. Serial frontal images of E17.5
Runx1+/+/∷Tg controlmice (B, D, F, H, J, L, N) and Runx1−/−/∷Tgmice (C, E, G, I, K, M, O). In the anterior clefting region, the palatal shelves ofRunx1−/−/∷Tgmice elevated and elongated to the
midline but they did not contact each other, including the anteromedial aspect (E, G, I). In the more posterior region, the secondary palate was fused completely with a mesenchymal
conﬂuence. However, the fused palate did not contact the inferior border of the nasal septum (K, M). Inset in panel F shows higher magniﬁcation views of the fused or non-fused palatal
regions. pf, palatine foramen; ns, nasal septum; pr, primary palate; se, secondary palate. Scale bars: B, 500 mm (B, C and G, same magniﬁcation); D, 200 mm (D–F, same magniﬁcation).
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Fig. 3. SEM analysis in the palatal shelves at the ﬁrst rugae area in Runx1−/−/∷Tg mice
and Runx1+/+/∷Tg mice (control mice). (C, D, E, and F) A higher magniﬁcation of the
anterior palate (inset in panels A, B). In Runx+/+/∷Tg mice, the fusing palatal epithelium
exhibited a round, cobblestone-like appearance, whereas the neighboring cell surfaces
of the non-fusing tissue are characteristically ﬂat. In contrast, the Runx1−/−/∷Tgmice did
not show such characteristics in the cell surfaces (G and D). In a higher magniﬁcation
(inset in panels C and D), many ﬁlopodia-like structures appear on the surface of the
epithelium cells of the wild type mice (G), and the Runx1−/−/∷Tg mice also showed the
same appearance (H). pr, primary palate; se, secondary palate. Scale bars: A, 50 mm
(A and B, same magniﬁcation); C, 10 mm (C–F, same magniﬁcation); G, 5 mm (G and H,
same magniﬁcation).
395K. Charoenchaikorn et al. / Developmental Biology 326 (2009) 392–402development is not yet initiated. To overcome the early embryonic
lethality in Runx1−/− mice, the expression of the Runx1 transgene
under the control of the GATA-1 promoter was utilized in Runx1−/−
mice. In these mice (Runx1−/−/∷Tg), Runx1 is deﬁcient in presumptive
Runx1-expressing cells except in hematopoietic cells. Because of the
selective rescue of Runx1 in the hematopoietic cells, these mice are
able to survive until the late embryonic stages (Yokomizo et al.,
2007). The Fgfr2b−/− mice were generated as described previously (De
Moerlooze et al., 2000).
Assessment of palatal fusion and histological analysis
The heads of the embryonic mice were dissected in Dulbecco's
phosphate-buffered saline. The mandible and the tongue were
removed to evaluate the palate by direct observations and with a
dissecting microscope. Next, these tissue specimens were ﬁxed in 4%
paraformaldehyde at 4 °C overnight, dehydrated, and embedded in
parafﬁn. Serial sections were taken in the frontal plane at 7 µm and
processed for HE staining and in situ hybridization.
For TUNEL staining, The specimens were immediately placed for
2 h in 4% paraformaldehyde, then they were snap-frozen in opti-
mal-cutting-temperature tissue-processing medium (OCT com-
pound, Sakura) with liquid nitrogen and stored at −80 °C for
cryostat sectioning.
The embryonic palate (E15.5 and E17.5) was also isolated and
dissected, then ﬁxed in 2% glutaraldehyde and 2% paraformaldehyde
in PBS containing 100 nM Hepes for 1 h at room temperature (RT).
After being washed with PBS, the tissue was treated with 1% osmium
tetraoxide for 1 h at room temperature (RT) and dehydrated in graded
ethanol solution. The dehydrated tissue specimens were critical point-
dried with CO2, and sputter-coated, and observed with a scanning
electron microscope (Hitachi, Hitachi S-700 Japan).
At E15.0, the palatal epithelia in the fusion areas between the
primary and the secondary palates were dissected, washed in 4%
phosphoric acid at 4 °C, ﬁxed in 2% osmium solutions at 4 °C for 2 h,
then embedded in resin (Quetol 812, Nishin EM Company). Serial
sections were cut at a 1 mm thickness, stained with 0.1% Toluidine
blue, then super thin sections were cut with an 80–90 nm thickness
and the cut sections were arranged on a copper mesh grid. The
sections were observed with a scanning electron microscope (Hitach,
Hitachi S-700i, Japan).
In situ hybridization and TUNEL staining
An in situ hybridization using radioactive riboprobes was per-
formed as described previously (Aberg et al., 1997). The probes were
labeled with 35S-UTP (Amersham). Bright- and dark-ﬁeld images of
each section were digitized, and the grains from the dark ﬁelds were
selected, colored red, and added to the bright ﬁeld pictures by use of
PhotoShop CS (Aberg et al., 1997). The probes used were murine
Runx1 (Yamashiro et al., 2002) and Fgf18 (Yamasaki et al., 1996).
Apoptotic cells were identiﬁed by TUNEL (terminal deoxynucleo-
tidyl transferase-mediated dUTP nick end labeling) as described
earlier (Rice et al., 1999) and the standard protocol for frozen sections
was followed (ApopTag, Chemicon). Frozen cross-sections (10 μm)
from testes were prepared, ﬁxed in 10% neutral buffered Formalin for
10 min at room temperature, rinsed in PBS, postﬁxed in acetone for
5 min at −20 °C, and then incubated in 2% H2O2 for 15 min to quench
endogenous peroxidases.
Bead implantation and tissue culture
The recombinant proteins and bead implantation assays were
done as described previously (Vainio et al., 1993). Heparin acrylic
beads (Sigma, St. Louis, MO) were incubated in FGF18 proteins
(25 ng/μl; R&D). The control beads were incubated in bovine serumalbumin (BSA, 1 μg/μl; Sigma). The beads were washed with PBS and
soaked in 10 μl of growth factor for 45 min at 37 °C. The beads were
placed on top of isolated palatal explants. All explants were cultured
on Nuclepore ﬁlters at 37 °C in a Trowell type organ culture con-
taining Dulbecco's minimum essential medium (DMEM) supplemen-
ted with 10% fetal calf serum (FCS, PAA Laboratories GmbH) and 1%
penicillin–streptomycin (Gibco, Paisley, Scotland). After 24 h culture
in vitro, the tissue specimens were treated with 100% methanol for
2 min, ﬁxed in 4% paraformaldehyde (overnight; 4 °C), and then
were processed for whole-mount in situ hybridization analysis.
Unpaired palatal shelves culture
Pregnant mice were sacriﬁced by cervical dislocation on day 14 of
gestation (E14.5) and the fetuses were removed from the uterus and
placed in BGJb medium (Invitrogen). Palatal explants were dissected
under a dissection microscope as described previously (Takigawa and
Shiota, 2004). A horizontal incision was made through the oral
opening, and the upper part of the head was resected by making a
second incision parallel to the ﬁrst incision at the level of the eyeballs.
The tongue and the brain tissue were carefully removed from the
explant with forceps. The right palatal shelf and the primary palate
were then further removed from each maxilla and the remainder was
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damage the surface of the palatal shelves.
Dissected maxillary explants including palatal shelves were cul-
tured according to the culture system developed by Shiota et al.
(1990) and Eto and Takakubo (1985) with some modiﬁcations.
Brieﬂy, palatal explants were cultivated in a 15 ml culture bottle
containing 2.5 ml of culture media. The medium was BGJb (GIBCO)
supplemented with 2.8 mg/ml L-glutamine, 6 mg/ml BSA and 1%
penicillin/streptomycin (Invitrogen). The culture bottles were
attached to a rotator drum and rotated at 20 rpm and 38 °C while
being continuously supplied with 95% O2 and 5% CO2 up to 12, 24, 36,
48, 60 and 72 h.
Results
Phenotype of Runx−/−/Gata1–Runx1 mice
Direct observations with a dissecting microscope and SEM obser-
vations revealed that the E17.5 Runx1−/−/∷Tg mice presented partial
anterior clefting at the ﬁrst rugae area and between the primary and
the secondary palates (Figs. 1B, D, F). At this stage, the control animals
of the Runx1+/+/∷Tg mice showed complete fusion of the palate
without any gap between the primary and secondary palates except at
the incisal canal area (Figs.1A, C, E). The anterior clefting was observed
in all 6 Runx1−/−/∷Tg mice examined at E17.5, while the Runx1+/+,
Runx1+/−, Runx1+/−/∷Tg, or Runx1+/+/∷Tgmice did not show any palatal
clefting.
The anterior clefting was also conﬁrmed microscopically by exa-
mining serial histological sections of the palates. In the ﬁrst rugae
region, the bilateral palatal shelves showed a similar thickness and
length to those observed in wild type mice and they elongated to the
midline and the without any signs of growth retardation. However,
there was no contact in the midline, either between each other or
between the palatal shelves and the nasal septum. In the more pos-Fig. 4. The TEM analysis of the ultrastructure of the palatal shelf edge at the ﬁrst rugae site,
epithelium of the control mice displayed desquamation of the surface cells and cell bleb
fragmentation is evident in their nuclei. (C) In higher magniﬁcation the cell blebs contained l
Runx1−/−/∷Tg mice. Scale bars: A, 2 mm; B, 2 mm; C, 1 mm; D, 2 mm.terior regions (Figs. 2G, I), the secondary palate was fused completely
and mesenchymal conﬂuence was achieved. The fused palate did not
make contact with the nasal septum, even though the septal cartilage
was of normal size (Figs. 2K, M).
Ultrastructural appearance of the palatal shelves
To examine the epithelial surface characteristics of the fusing
regions or clefting regions, we performed SEM and TEM observa-
tions. At the ﬁrst rugae level, an SEM analysis revealed that the
fusing epithelial surface of the control mice exhibited a rounded
cobblestone-like appearance (Figs. 3A, C, E), whereas the neighbor-
ing cell surfaces in the non-fusing regions were ﬂat. In contrast,
such cellular prominence was less evident in the Runx1−/−/∷Tg mice
(Figs. 3B, D, F). At a higher magniﬁcation, many ﬁlopodia-like struc-
tures appeared on the fusing epithelium of the control mice (Fig. 3G),
as observed previously (Taya et al., 1999), and the Runx1−/−/∷Tg mice
also showed a similar epithelial surface (Fig. 3H), unlike the Tgfβ3−/−
mice, which showed short rod structures sparsely distributed (Taya
et al., 1999).
A TEM analysis revealed that the fusing epithelium of the
control mice displayed desquamation of the surface cells and cell
blebs prior to fusion. Also the cell blebs contained large lysosomal
bodies (Figs. 4A, B). These epithelial cells showed varying degrees
of disintegration and fragmentation evident in their nuclei. Such
changes in the epithelial surface were not evident in the Runx1−/−/∷Tg
mice (Fig. 4D).
The expression of Runx1 and Fgf18 mRNA
We have previously shown Runx1 to be strongly expressed in the
fusing epithelium at the tip of the growing palatal process (Yamashiro
et al., 2002). In the present study, the expressions of Runx1 mRNA
were analyzed in detail in the developing palatal shelves of E13.5,Runx1+/+/∷Tg mice control mice (A–C) and Runx1−/−/∷Tg mice (D). (A and B) The fusing
s prior to fusion. These epithelial cells showed varying degrees of disintegration and
arge lysosomal bodies. (D) Such changes in the epithelial surface were not evident in the
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palatal shelves grew vertically along the side of the tongue, and the
expression of Runx1 mRNA was intense at the tip of the palatal
shelves, as reported previously (Fig. 5C) (Yamashiro et al., 2002). In the
anterior regions, the Runx1 mRNA expression was also evident in the
fusing epithelium between the primary and the secondary palates
(Fig. 5B). At E14.5, the opposing palatal shelves came in close appro-
ximation in the anterior segment and the expression of Runx1 mRNA
was intense at the tips of the palatal shelves and the nasal septum
(Fig. 5E). The expression of Runx1 mRNA was also evident in the
midline epithelial seam (Fig. 5F). At E15.5, the Runx1 mRNA still
expressed at the epithelium of the primary and secondary palates
(Fig. 5H). The Runx1 mRNA was also observed in the epithelial
triangles (arrowheads in Fig. 5I).
Among the various Fgf proteins, we explored the expression
pattern of Fgf18 during palatal development. During the fusion at
E14.5, Fgf18 was localized at the palatal mesenchyme underlying
the fusing epithelium between the primary and the secondary
palatal shelves (Fig. 6B) and between the secondary palatal shelves
(Fig. 6C). Fgf18 signals in the palatal mesenchyme were less at E13.5
(Fig. 6D).
Induction of Runx1 by FGF18
Since the Fgf18 mRNA was expressed in the palatal mesenchyme
underlying the fusing epithelium, which showed Runx1 mRNA
expression, we explored the possible induction of Runx1 by FGF18
proteins in bead experiments. The FGF18 beads mimicked the mesen-
chymal signaling and were placed on the epithelial surface of palatal
explants. Palatal explants from the E14.5 were isolated and implantedFig. 5. The expression pattern of the Runx1 mRNA in the frontal sections of the developing p
E15.5 (G) mice and section positions for panels, as indicated by the blue lines. (B and C) At E13
the fusing epithelium between the primary and the secondary palates (arrowheads in panel
segment of the late E14.5 palate, the opposing palatal shelves came in close approximation, a
nasal septum (arrowheads). (F) The expression of Runx1mRNAwas also evident in the midlin
epithelium of the primary and secondary palates (arrowheads in panel H). The Runx1 mRNA
same magniﬁcation. Scale bars: B, 200 mm.withtheFGF18-soakedbeadsorcontrolBSA-soakedbeadsandcultured
in vitro. Ectopic Runx1 induction was seen in the palatal epithelium
surrounding the FGF18 beads (5/5; Fig. 6E), whereas such expres-
sion was not induced by BSA beads (0/5; Fig. 6G). FGF2 beads also
induced Runx1 mRNA expression in the palatal explants (3/3, Fig.
6F). Fgf18 is known to activate FGFR2 IIIc and FGFR3 IIIc, but activity
via Fgfr IIIb has not been reported before. However, since the
mesenchymal Fgf signaling induces epithelial Runx1 expression in
the present study, we speculated the possible involvement of FGFR2
IIIb that is epithelial-speciﬁc receptor. This Runx1 induction by
Fgf18 still occurred in Fgfr2b−/− mice (3/3; Fig. 6H), indicating that
FGF18 induction of Runx1 in the palatal epithelium is not mediated
by Fgfr2b. In vivo, Runx1 expression was not downregulated in the
tip of the fusing palatal epithelium of the Fgfr2b−/− mice at E15.5
(Fig. 6I).
Ultrastructural appearance of the unpaired palatal explants
When bilateral palatal shelves of E14.0 mice were cultured in
pairs, palatal fusion always successfully occurred by 36 h in
suspension culture with 95% O2/5% CO2 (data not shown). When
the unpaired palatal shelf was cultivated for 12 h in this system, SEM
observation revealed that the MEE disappeared from the medial
edge corresponding to the 3rd rugae and more posterior regions,
and multipolar ﬁbroblast-like cells were exposed there (red in
Figs. 7A, A′), as reported previously (Takigawa and Shiota, 2004).
After 24 h, the area of the exposed mesenchymal surface also
expanded both in the anterior and posterior directions along the
medial edge, and after 36 h, most of the MEE disappeared from the
medial edge except in the anterior-most part (asterisk in Fig. 8C). Inalate. (A, D and G) Schematic diagrams of developing palate of E13.5 (A), E14.5 (D) and
.5, before elevation of the palatal shelves, the expression of Runx1mRNAwas detected in
B), as well as at the tip of the palatal shelves (arrowheads in panel C). (E) In the anterior
nd the expression of Runx1 mRNAwas intense at the tips of the palatal shelves and the
e epithelial seam (arrowhead). (H and I) At E15.5, the Runx1mRNA still expressed at the
was also observed in the epithelial triangles (arrowheads in panel I). All images are the
Fig. 6. The expression patterns of Fgf18 in the frontal sections of the developing palate and induction of Runx1 expression by Fgf signaling. (A) Schematic diagram of developing palate
of E14.5 mice and section positions for panels, as indicated by the blue lines. (B and C) At E14.5, Fgf18 was intensely localized at the mesenchymal tissue underlying the fusing
epithelium between the primary and the secondary palatal shelves (B) and the secondary palatal shelves (C). (D) At E13.5, Fgf18 was present at the mesenchymal tissue of the palatal
shelves (asterisk). (E) FGF18 soaked beads induced ectopic expression of Runx1 mRNA in the palatal explants of the epithelium of the wild type mice. Note: endogenous Runx1
expression in the tooth epithelium (asterisk in panel E). (F, G) Runx1 expression was also induced by FGF2 beads (F), but not by BSA beads in the palatal explants (G). Note:
endogenous Runx1 expression in the palatal epithelium (arrowheads in panel G). (H) The FGF-inducing Runx1 expression was not attenuated in the palatal explants of the Fgfr2b
mutants. (I) Runx1 expressionwas not downregulated in the tip of the fusing palatal epithelium of the E15.5 Fgfr2b−/−mice. Scale bars: B, 200mm (B, C, D and I, samemagniﬁcation);
E, 200 mm (E–H, same magniﬁcation).
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mesenchymal tissues were clear (Figs. 8E, F), Thereafter, the exposed
mesenchymal surface never expanded anteriorly beyond between
the 1st and 2nd rugae (Fig. 8D), when the surfaces were observed
after 48, 60 and 72 h. In this experimental condition, such MEE cell
disappearance and exposure of underlying mesenchyme was
observed in all unpaired palatal shelves.
Cell death in the fusing palatal epithelium
The sections were stained by TUNEL in order to detect apoptotic
cells in the developing palatal shelves of E13.5, E14.5, E15.5 and E16.5
of wild type mice. At the interface between the secondary palates,
TUNEL-positive signals were detected in the epithelium at the tip of
growing palatal shelves and the nasal septum at E13.5 (asterisks in
Fig. 8C). At E14.5, more intense signals were detected in the fusing
epithelium (asterisk in Fig. 8F), and the positive signals persisted in
the midline epithelial seam at E15.5 (asterisk in Fig. 8I). In contrast, at
the anterior interface between the primary and the secondary palates,
a few positive signals were detected in the epithelium facing the
interaction between the primary and the secondary palates at E13.5
and E14.5 (arrowheads in Figs. 8B and E) and in the fusing and fused
epithelium (arrows in Figs. 8E and H) at E14.5 and E15.5. Some
positive signals were present in the epithelium of the incisive papilla
(asterisks in Figs. 8B, E and H). At E16.5, few positive signals were
detected along the fused interface between the primary and the
secondary palates (as indicated in transparent red). In these regions,
intense signals were detected at the incisive papilla (asterisks in
Figs. 8B, E, H, K) and several signals were detected at the epithelial
boundary between the primary and the secondary palates at E16.5
(arrowheads in Fig. 8K).Discussion
Runx1 deﬁciency results in anterior cleft palate
Palatal fusion is a critical step during palatogenesis. After the
outgrowth of the palatal process and its elevation to a horizontal
position above the tongue, the bilateral palatal processes adhere and
fuse at the midline to form the secondary palate. They also fuse
with the inferior border of the nasal septum. This is followed by
fusion between the secondary palate and the primary palates in the
anterior regions (Kaufman, 1992; Ferguson, 1988). A disruption at
any step of the process can lead to the formation of a cleft palate.
We have previously shown that Runx1 is speciﬁcally expressed at
the tip of the fusing palatal shelves. We herein show that Runx1
deﬁciency results in an incomplete clefting in the anterior region of
the palate between the primary and the secondary palates, and also
an incomplete fusion between the secondary palate and the nasal
septum.
During palatal development, Runx1 is expressed in the mesench-
yme as well as in the fusing palatal epithelium. Previous studies have
shown that Runx1 is speciﬁcally expressed both in chondroblasts and
in the osteoprogenitor cell, and that Runx1 could promote early
osteoprogenitor cell differentiation (Smith et al., 2005; Wang et al.,
2005). If Runx1 disruption affected the mesenchymal growth in the
palatal process, the secondary palate should show complete clefting.
In fact, in the rescued Runx1 null mutants, the middle and posterior
parts of the palate were completely fused. In the anterior regions of
the clefting part, the bilateral palatal process did not have contact with
each other, however, they elongated to the midline without signs of
insufﬁcient growth. Since the palatal process shows overlapping
expression of Runx1 and Runx2 in the osteogenic progenitor cells
Fig. 7. SEM images showing tissue surface and the cell morphology of medial edges of unpaired palatal explants after 12, 24, 36 and 60 h of culture (A–F), and spatial distribution of
the MEE cell death of E14.0 wild type mice (H, I). When the unpaired palatal shelf was cultivated for 12 h in suspension culture with 95% O2/5% CO2, Oral (A) and medial (A′) views
of explants showed that the MEE disappeared from the medial edge corresponding to the 3rd rugae and more posterior regions, and multipolar ﬁbroblast-like cells were exposed
there (red in Fig. 8A, A′). After 24 h (B and B′), such exposed ﬁbroblastic surfaces also expand both in the anterior and posterior direction, and after 36 h (C and C′), most of the MEE
disappeared from the medial edge except in the anterior-most part (asterisk in Fig. 8C). After 60 h, the exposed mesenchymal surfaces never expand anteriorly beyond between the
1st and 2nd rugae (D). (E, F) Higher magniﬁcation views of the inset in (D) revealed clear boundary between the MEE epithelium and exposed-ﬁbroblastic tissues. 1st, 1st rugae;
2nd, 2nd rugae; 3rd, 3rd rugae; pr, primary palate; se, secondary palate; ns, nasal septum; ep, epithelium; me, mesenchyme. Scale bars: A, 200 mm (A–D, same magniﬁcation); E,
20 mm; F, 10 mm.
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mutants could be caused by a failure in epithelial fusion rather than by
defective growth or elevation of the palatal process, and this notion
was conﬁrmed by both SEM and TEM analyses in this study.
During palatal fusion, the medial edges of the opposing palatal
epithelia form an epithelial seam which has to be removed in order
to establish mesenchymal continuity. Prior to contact of the palatal
shelves, the cell surface of the fusing epithelium exhibits a cobble-
stone appearance (Martinez-Alvarez et al., 2000a). It is evident that
these cobblestone-like cells are a pivotal characteristic of the fusing
epithelium; they enhance the fusion activity and the disappearance
of the MES after palatal fusion (Schupbach et al., 1983; Schupbach
and Schroeder, 1983; Taya et al., 1999). A TEM analysis has shown
these cells to be partly lysed with cellular disintegration. The
absence of these surface characteristics might impede the fusion of
the palatal shelves. Actually, the Runx1−/−∷Tg mice did not show
such changes in the epithelial surface or in the cellular organelles of
the fusing epithelium. These ﬁndings further support the hypothesis
that the anterior clefting in the conditionally rescued Runx1 mutants
is due to a failure in the epithelial fusion. In addition, these data also
suggested that Runx1 could be involved in the degenerative process
in the fusing epithelium between the primary and the secondary
palates.
Previous studies have shown that a targeted disruption of the
Tgfβ3 gene causes a bilateral cleft of the secondary palate (Kaartinen
et al., 1995; Proetzel et al., 1995; Taya et al., 1999) and that Tgfβ3 is
involved in the process of controlling the degradation of the
basement membrane (Kaartinen et al., 1997; Martinez-Alvarez et al.,
2000b). On the other hand, it is known that ﬁlopodia-like structures
appeared at the cell surface of the fusing epithelium prior to palatal
fusion, and in contrast, Tgfβ3 deﬁciency characteristically shows shortrod structures in fewer numbers (Taya et al., 1999). The present SEM
observation revealed that the Runx1 deﬁciency did not induce such
changes in the surface appearance. Since the Runx transcription
factors are key targets of the Tgfβ superfamily (Ito and Miyazono,
2003), it was speculated that Tgfβ3 could induce Runx1 expression.
However, our present observation did not support the possibility of
such an association between Runx1 and Tgfβ3.
Regional speciﬁcation in clefting along anterior–posterior axis
Anterior clefting is a rare phenotype in genetically manipulated
mice. A similar partial clefting is observed in Shox2−/− mice and
Tgfβ3−/−/K14-Smad2 mice (Yu et al., 2005; Cui et al., 2005). Our
results, together with these ﬁndings, support the idea that mole-
cular regulation in palatal fusion varies along the anterior–posterior
axis (Hilliard et al., 2005). Recent ﬁndings have shown molecular
heterogeneity along the anterior–posterior axis in the developing
palate. The mesenchymal expression of Msx1, Bmp4, Bmp2, and
Shox2, for example, is restricted to the anterior regions of the
growing palate and is absent from the posterior palate (Zhang et al.,
2002; Yu et al., 2005).
The location of the clefting in the Runx1mutants closely resembles
that in the Shox2 mutants (Yu et al., 2005). The Shox2 null mutant
mice showed underdevelopment of the anterior palatal process,
whichwas too small tomake contact at themidline (Yu et al., 2005). In
contrast, the conditionally rescued Runx1 mutants did not show such
a growth failure, indicating that their palatal fusion is disturbed via a
different mechanism.
Runx1 deﬁciency resulted in restricted clefting in the anterior
regions; however, Runx1, as well as Fgf18 mRNA were expressed
both in the anterior and posterior regions of the palates. Therefore,
Fig. 8. Temporal and spatial distribution of TUNEL-positive epithelium in the developing palate of the wild type mice. (A, G and J) Schematic diagrams of the developing palate of
E13.5 (A), E14.5 (G), E15.5 (H) and E16.5 (K) mice and section positions for panels, as indicated by the blue lines (B, E, H). (B, E and H) At the interface between the primary and the
secondary palates, a few positive signals were detected in the epithelium facing the interaction between the primary and the secondary palates (arrowheads) at E13.5 (B) and E14.5
(E) and in the fusing epithelium (arrows) at E14.5 (E) and E15.5 (H). (K) At E16.5, few signals were present along the fused interface between the primary and the secondary palates (as
indicated in transparent red). In the primary palate, intense signals were detected in the incisive papilla (asterisk in panels B, E, H and I). (C) A few TUNEL-positive signals were
detected at the epithelium of the tip of growing palatal shelves and the nasal septum at E13.5 (asterisks). (F) At E14.5, intense signals were detected in the fusing epithelium among
the primary and the secondary palates and the nasal septum (asterisk). (I) At E15.5, intense positive signals persisted in the midline epithelial seam (asterisk). pr, primary palate; se,
secondary palate; ns, nasal septum. All images are of the same magniﬁcation. Scale bars: B, 200 mm.
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clefting occurs only at the anterior junction between the primary
and the secondary palates, and not in the posterior palate between
the secondary palatal shelves.
Since the Runx1 deﬁciency accompanied the morphological
changes in the fusing epithelial cell, we explored the anterior–
posterior (A–P) difference in morphological changes associated with
palatal fusion. Takigawa and Shiota (2004) developed unpaired
palatal shelf culture, where the one side of the shelf is removed and
behavior of the palatal medial edge epithelial cell of the opposing
shelf can be observed. In this system, the MEE disappears without
contact and adhesion to the opposing epithelium, and consequently
the underlying mesenchymal tissues are exposed. In our present
explant cultures, this area of epithelial disappearance expands both
anteriorly and posteriorly with cultivation for longer time, but it is of
interest that the area never expanded more anteriorly than the point
of the 1st rugae and 2nd rugae. These morphological ﬁndings clearly
indicate that there are A–P differences in the MEE cell fates and that
this boundary is located at the point between the 1st and 2nd rugae.
It is of note that the anterior area, which was deﬁned in the
unpaired explant culture, corresponds to regions of anterior cleftingin the present Runx1 deﬁcient mutant mice, as well as in the Tgfβ3−/−/
K14-Smad2 mice (Cui et al., 2005) and in Shox2 null mutant mice
(Yu et al., 2005).
Many investigations have focused on the mechanism how the MEE
disappears from between the two apposed shelves to allow for palatal
fusion. Previous studies have provided evidence of apoptosis,
epithelial–mesenchymal transformation, cell migration, and other
mechanisms (Dudas et al., 2007; Hilliard et al., 2005). Among them,
cell death is the most straightforward mechanism in MES disintegra-
tion, and supported by various studies. However, Apaf1 mutant mice,
which are deﬁcient in caspase 3 activation and display enormous
apoptotic defects during embryonic development (Jin and Ding, 2006)
are able to complete palate fusion without DNA fragmentation-
mediated programmed cell death, indicating that this is not essential
for palate fusion in vivo. On the other hand, TUNEL-positive signals are
intensely observed of the MEE at the posterior junction between the
secondary palates as reported previously, whereas less in the MEE at
the posterior junction between the primary and the secondary palates
in the present study much. These ﬁndings indicate that some
mechanism other than apoptosis could be involved in the anterior
epithelial fusion and provide a key for understanding different cell
Fig. 9. Schematic diagram illustrating that the mesenchymal Fgf18 signals induce
epithelial Runx1 expression during palatal fusion. Fgf18 appears in the mesenchyme
underlying the fusing epithelium and Fgf18 induces Runx1 expression in the fusing
palatal epithelium. Runx1 could therefore be involved in palatal fusion by changing the
epithelial cell surface characteristics.
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be elucidated.
Tgfβ3-null mutant mice have a cleft palate and the fusion defect in
these mutants is caused by the midline epithelial dysfunction (Taya
et al., 1999). Overexpression of K14-Smad2 in the MEE of Tgfβ3-null
mutants could rescue the cleft palate phenotype via a positive
induction of the Tgfβ signaling pathway (Cui et al., 2005). However,
the rescued palatal fusion never proceeded to the anterior junction
between the primary and the secondary palates. In the secondary
palates, A–P differences in the mesenchymal expression of Msx1,
Bmp4, Bmp2, and Shox2 are reported (Yu et al., 2005) and such
expression might lead to form a regionally speciﬁc adherence-
mechanism. The present ﬁndings suggest that the anterior epithelial
fusion could be regulated, at least in part, by Runx1, as well as Tgfβ,
however, its physiological functions and subset of downstream genes
remain to be explored. Increasing such knowledge will be a key for us
to understand the molecular network to forms A–P patterning in the
palatal shelves.
Epithelial mesenchymal interaction and Fgf signaling
Our tissue culture experiments showed that FGF18 proteins induce
ectopic Runx1 mRNA expression, and this induction was not atte-
nuated in the explants of the FgfR2b mutants. Interestingly, the Fgf18
mRNA expression was localized in the mesenchyme underlying the
fusing epithelium and Fgfr2b showed similar expression patterns with
Runx1 in the fusing epithelium (Rice et al., 2004). In addition, the
present study showed that palatal Runx1 mRNA expression was not
deviated by Fgfr2b knockdown. These ﬁndings indicate that the
mesenchymal FGF18 induces epithelial Runx1 expression (Fig. 9) but
this must be through an epithelial Fgf receptor other than Fgf2b,
possibly Fgfr1b. This revealed that the epithelial–mesenchymal inter-
action plays an important role in the anterior palatal fusion, as well as
in early palatogenesis.As mentioned above, an early recombination study showed that
the mesenchymal signal regulates the palatal epithelial fusion, and
our study showed that Fgf18 acted as one of such mesenchymal
signals. In addition, FGF2 protein also induced Runx1 expression.
Since Fgf2 is widely expressed in the palatal and oral epithelium in the
growing palate (Britto et al., 2002), epithelial Fgf signals could
positively modify Runx1 expression induced by mesenchymal Fgf18
signaling. In other tissues, Fgf has been reported to induce Runx family
genes. In fact, Fgf3 and Fgf10 are co-expressed with Runx2 in the
dental mesenchyme of the wild type mice in tooth development, and
the Fgfs signal from the dental epithelium induces the expression of
Runx2 in the mesenchyme, and Fgf3 is also the downstream target of
Runx2 (Aberg et al., 2004). The epithelial Fgf signals also induced the
expression of Runx2 in the dental mesenchyme (D'Souza et al., 1999).
In the olfactory neuroblastoma, Fgf also induces the expression of
Runx1 mRNA (Nibu et al., 2000). These ﬁndings are examples of the
Fgf signaling pathway.
Runx1, a genetic factor for cleft palate
Genetic factors play a role in the cause of cleft lip/palate in addition
to certain environmental factors. Human RUNX1 is encoded on
chromosome 21q22.3 and previous studies have not showed a pos-
sible linkage between cleft palate and 21q22.3. On the other hand, a
recent study revealed that Runx1 is a downstream target of deltaNP63
(Ortt et al., 2008), which is encoded by p63 genes and mainly
expressed in the epithelium, in skin and its appendage. Interestingly,
endogenous Runx1 levels are lower in the p63+/− animals as compared
to wild type animals (Ortt et al., 2008). It is known that p63 deﬁciency
results in cleft palate (Celli et al., 1999), as well as abnormal mor-
phogenesis of the skin in mice (Mills et al., 1999), and p63 mRNA is
intensely expressed in the palatal epithelium (Laurikkala et al., 2006).
Genetic analysis has shown that heterozygous mutations in the p63
gene underlie non-syndromic cleft lip and palate (Leoyklang et al.,
2006; Barrow et al., 2002; van Bokhoven et al., 2001). These ﬁndings
strongly suggested that Runx1 could be a downstream target of p63
during palatogenesis.
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